A b s t r ac t S o l a r ra d i a t i o n -e n ha n ce d d i s s o l u t i o n (photodissolution) of particulate organic matter (POM) has the potential to provide a substantial pool of dissolved organic matter (DOM) to surrounding waters in a variety of aquatic systems. This study focused on the magnitude of photodissolution in south Texas estuaries and the influence of environmental factors such as sediment desiccation and water chemistry on the production of dissolved organic carbon (DOC) and total dissolved nitrogen (TDN) via photodissolution. Substantial photoproduction of DOM from POM was observed during 24-h irradiations, with the potential to augment DOC and TDN loads in Texas estuarine waters by as much as 85 and 75 %, respectively. Excitation-emission matrix (EEM) fluorescence analysis revealed that fluorescent DOM (FDOM) produced during photodissolution is primarily humic-like. Experimental evidence suggested that photochemical degradation of POM was a major pathway for DOM photoproduction, at least a strong supplement to microbial-mediated degradation and/or stimulation of benthic primary production by benthic phytoplankton or algae. Sediment dry-wet cycles strongly influenced photodissolution as sediment desiccation augmented the photoproduction of DOC and TDN in organic-poor water. The organic content of ambient water by itself did not significantly affect the magnitude of DOM photoproduction, but the combined influence of water organic content and sediment desiccation played a substantial role in controlling the extent of photodissolution.
Introduction
Dissolved organic matter (DOM) serves as a primary link for carbon and nutrient cycling among sediments, water, and biotic reservoirs within marine ecosystems (Amon et al. 2001; Hansell and Carlson 2002) . Solar radiation-induced photochemical reactions are one primary pathway by which DOM cycles in natural waters (Reviewed by Mopper and Kieber 2002; Zepp 2003) , with the fraction of DOM that absorbs sunlight known as chromophoric DOM (CDOM). Among the cascade of DOM photochemical reactions are photooxidation of DOM to inorganic carbon compounds such as CO and CO 2 (Zepp et al. 1995) and transformations of c o m p l e x D O M t o s m a l l e r o r g a n i c m o l e c u l e s . Photochemically modified DOM is likely to be more biologically labile, capable of strongly enhancing microbial activity (Moran et al. 2000; McCallister et al. 2005; Daniel et al. 2006) , thus, biogeochemical cycles of carbon and nutrients are strongly linked to photochemical processes in shallow aquatic systems. Kirk (1980) first reported that non-living particulate organic matter (POM) was able to absorb light at wavelengths similar to those that DOM absorbs, and should therefore be susceptible to similar photochemical reactions. In recent Communicated by Scott C. Neubauer
Electronic supplementary material The online version of this article (doi:10.1007/s12237-014-9932-0) contains supplementary material, which is available to authorized users. years, researchers have shown that photochemical alterations of POM include both direct photomineralization to inorganic carbon species (Anesio et al. 1999 ) and solar radiationenhanced dissolution ("photodissolution") to DOM (Mayer et al. 2006) . Studies on POM photochemical processes investigating the production of DOM from suspended sediments (Kieber et al. 2006; Mayer et al. 2006; Pisani et al. 2011; Shank et al. 2011 ) and algal detritus (Mayer et al. 2009b ) have consistently concluded that POM photodissolution can provide a substantial pool of DOM to freshwater rivers, estuaries, and along continental shelves (Table 1) . Of the large number of studies investigating the effects of direct light exposure on decomposition/mineralization of plant litters in terrestrial ecosystems (e.g., Austin and Vivanco 2006; Gallo et al. 2009; Foereid et al. 2010; Uselman et al. 2011 ), relatively few have focused on the photodissolution of terrestrial soil organic matter (Riggsbee et al. 2008; Mayer et al. 2012 ). However, it does appear that terrestrial soil POM, largely derived from plant litter before delivery to river sediments (Goñi et al. 1998 (Goñi et al. , 2006 , is also susceptible to substantial photodissolution of carbon and nitrogen . To this point, however, regardless of POM source, there is no consensus as to the main factors determining the extent of photochemical reactions (e.g., UVB exposure, water content of substrate, and litter type). Further, there is no consensus on the relative contributions from biological versus abiotic photochemical reactions on DOM production.
In aquatic systems, photoproduced DOM/CDOM has not been well-characterized chemically, but fluorescence analyses typically reveal the production of humic-like fluorescent DOM (FDOM) during photodissolution (Pisani et al. 2011; Shank et al. 2011) . Recent studies investigating the mechanisms of photodissolution have documented potential involvement of photo-Fenton reactions during photodissolution (Estapa and Mayer 2010; Estapa et al. 2012) . Further, light intensity and temperature appear to be strong environmental regulators of photodissolution (Mayer et al. 2006) , while POM source and diagenetic state appear to be mechanistic limiting factors (Southwell et al. 2011) . Since photodissolution converts particulate organic carbon (POC) to dissolved organic carbon (DOC), and photoammonification may co-occur producing biologically labile nitrogen, the combined effects are likely to markedly fuel microbial activity (Mayer et al. 2011) .
Many bays and estuaries of the South Texas coastal region have extended internal cycling of organic carbon and nutrients due to minimal fresh water input and limited tidal exchange with the Gulf of Mexico (Montagna and Kalke 1992) . Moreover, bays and estuaries along the South Texas coast are likely susceptible to intense photodissolution because of high seasonal solar irradiance, shallow water columns (1-2 m), long water residence times (6-12 months), and commonly windy conditions (average wind 15-20 mph) producing high suspended sediment loads (Shideler 1980; Armstrong 1982; Morin and Morse 1999) . In addition, sediments along the extensive marsh and wetland habitats can be subject to frequent dry-wet cycles due to wind and lunar tidal forces (Ward et al. 2002) . To date, the effects of sediment dry-wet cycles on photodissolution have not been addressed, nor has the strong potential for this process to influence water column DOC and total dissolved nitrogen (TDN) loads in Texas coastal systems. Further, few previous studies have addressed the potential involvement of microbial and/or benthic algal activities in DOM photoproduction. The primary objectives of this study were to understand the potential magnitude of photodissolution in south Texas coastal environments, examine the primary reaction pathways in photodissolution (biological versus photochemical), and investigate the influence of environmental factors such as sediment 
Photodissolution is a significant source of C and nutrients (N and P) desiccation and water organic content on the production of DOC and TDN via photodissolution.
Methods

Site Description and Sample Collection
The (Fig. 1) . The Nueces Marsh is part of the Nueces River Delta which consists of more than 57 km 2 of wetlands, salt marshes, and tidal creeks. Precipitation and freshwater inflow are low and episodic in this area, resulting in intense periods of drought, interspersed with substantial flooding events (Forbes and Dunton 2006) . Residence times for freshwater entering Nueces Bay can exceed 6 months (Armstrong 1982) and allochthonous nutrient sources are small (Roelke et al. 1997) . Additionally, within the salt marsh habitats, sediments can undergo desiccation-rewet cycles on a daily basis due to lunar and wind-driven tidal rhythms, especially during periods of low river flow (Ward et al. 2002) . Copano Bay is a relatively isolated secondary bay with water residence times commonly exceeding 12 months (Armstrong 1982 (Buskey et al. 1998) .
Seagrass meadows cover about 65 % of the bottom of Laguna Madre, serving as habitats for fish and waterfowl and providing large inputs of POM to the benthos (Onuf 2007) . Sediments for photodissolution experiments were collected by pressing a cylindrical core into the sediment bed. Sediment samples were taken from the top~2 cm of each core, placed in a Ziploc bag on ice immediately after collection, and kept frozen at −20°C until experiments commenced. Surface water samples for photodissolution experiments were filtered through 0.2-μm polypropylene Meissner cartridge filters in the lab within a few hours of collection. Water samples were stored in 12 L HDPE bottles at 4°C until utilized. All plastic, quartz, and glassware were acid cleaned (10 % HCl) and Nanopure-rinsed prior to use. All quartz and glass items were baked in a muffle furnace at 450°C for 4 h to remove potential organic contamination.
Photodissolution Experiments
Sediment suspensions involved a 0.2-μm filtered water sample with~1 g L −1 (wet weight) sediments, representing typical heavy sediment loads in the water column (~200-500 mg L −1 dry weight). Irradiated and dark sediment suspensions were all prepared at identical concentrations. Sediments were kept in suspended condition with magnetic stir bars in 1-L roundbottom quartz flasks (diameter of spherical part: 12.5 cm). Irradiated suspensions were placed under a SunTest XLS + solar simulator equipped with a 1 kW Xenon lamp. The lamp was set to an output of 765 W m , approximately equivalent to the intensity of subtropical sunlight at noon during midsummer (Shank et al. 2011) . Suspension temperatures were kept constant at 25°C via a recirculating water bath. Dark control flasks containing identical suspensions were wrapped with several layers of aluminum foil and placed in a dark cabinet under the same stirring and temperature conditions. Light controls contained only the filtered water used for sediment suspensions. During each experiment, water samples were collected from all irradiated and dark sediment suspensions and light controls at time intervals of 0, 2, 8, and 24 h (0 h samples were taken after few minutes of sediment addition and mixing). Contributions of DOC from sediment porewater were minor (<2 %) and naturally included in samples taken at 0 h. Water samples from the suspensions were filtered with 0.2 μm Nuclepore PC membranes (Whatman) and stored at −20°C until analyses. Bias caused by sample storage (i.e., freeze-thaw effect) was not directly assessed for the current study, but tests during previous studies with similar water samples indicated changes of chemical and optical characteristics would be negligible for the samples used to study photodissolution in the current study (Mayer et al. 2006; Spencer et al. 2007; Griffin et al. 2012) .
A set of experiments using sterilized (autoclaved) sediments was performed to distinguish the influence of microbial degradation and/or stimulation of benthic primary productivity on photodissolution. All water samples used for this set of experiments were 0.2 μm filtered and autoclaved at 121°C for 30 min before use. Sediment samples for autoclaved treatments were autoclaved at 121°C for 30 min, kept in a clean room at room temperature for 24 h to let potentially alive spores develop, and autoclaved again at 121°C for 30 min before use. Photodissolution experiments were then performed as described above. All equipment that would contact the autoclaved treatments was sterilized before use.
The effects of meteorologically and tidally induced sediment dry-wet cycles on photodissolution were examined through a set of experiments that incorporated the combined influences of water organic content and sediment desiccation, using both wet and dry (desiccated)-rewetted sediments and organic-poor and organic-rich water. Sediment samples from Nueces Marsh were dried in an isothermo oven at 60°C for 24-48 h to prepare dry sediment suspensions. After drying, sediment samples were mixed with 1 L filtered water to make suspensions. Wet sediment suspensions were set up in the same way as described above. The mass of dry sediment addition was the same as the dry mass of the sediments added in wet sediment suspensions. Filtered water (0.2 μm) from Nueces Marsh was used as "organic-rich" water, while artificial seawater (salinity=35 psu) was used as "organic-poor" water. Excluding controls, this experiment was composed of four treatments: (1) wet sediments mixed with Nueces Marsh water; (2) wet sediments mixed with artificial seawater; (3) dry sediments mixed with Nueces Marsh water; and (4) dry sediments mixed with artificial seawater. Upon the onset of the experiments, all treatments were kept under the same incubation conditions and samples were collected as described above.
Sample Analyses
Sediment samples were thawed in the dark at room temperature and homogenized before chemical analyses. To determine percent organic carbon (%OC) and nitrogen content, dry sediments were fumed with HCl for 24 h to remove carbonates (Mayer 1994) . After acidification, samples were dried in the oven at 60°C. Sediment aliquots (25 mg) were then wrapped in tin capsules and analyzed on a Carlo Erba (CHNS-O, EA1108) elemental analyzer.
For water samples, DOC and TDN concentrations were analyzed by high temperature catalytic oxidation/ combustion on a Shimadzu TOC-V analyzer coupled to a TNM-1 TDN analyzer. Nitrate + nitrite concentrations were analyzed using the nitrate reduction by shaking with cadmium method (Jones 1984) . Ammonium concentrations were analyzed with High-Performance Liquid Chromatography (HPLC) (Gardner and St. John 1991) . Dissolved organic nitrogen (DON) was calculated using the formula:
Optical characteristics of photoproduced CDOM were measured from 200 to 800 nm (λ) using a Perkin Elmer Lambda 35 dual beam scanning spectrophotometer. CDOM abundance was then reported as the absorption coefficient at 305 nm (a 305 in m −1 ), consistent with previous studies (Shank et al. 2009; Shank et al. 2011) . Each sample/standard discussed above was measured in duplicate or triplicate. Data were analyzed using two-tail Student's t test, α=0.05. To further characterize photoproduced DOM/CDOM, excitation-emission matrix spectra (EEMs) of water samples were generated using established methods (Santín et al. 2009; Shank et al. 2011 ) on a Fluoromax-4 spectrofluorometer in 1-cm quartz cells. Emission scans were acquired at excitation wavelengths (λ ex ) between 260 and 455 nm at 5-nm intervals. Emission wavelengths were scanned from λ ex +10 nm to λ ex + 250 nm at 2-nm intervals. The instrument was configured for signal ratio mode, and excitation and emission slits were set to 5.7 and 2 nm band-passes, respectively. EEMs data were corrected by subtracting Milli-Q water EEMs from sample EEMs, and then for inner filter effects using the UV-Vis absorbance spectra. The resulting corrected EEMs were plotted via MatLab toolbox with 50 contour lines. Maximum fluorescence intensities (F max ) were located in regions not affected by first-order or second-order Rayleigh scattering (Zepp et al. 2004) .
Results
Photodissolution of DOC and TDN
Irradiated suspensions using sediments from the four estuarine sites and a variety of water samples consistently demonstrated pronounced increases in DOC and TDN concentrations during 24 h of exposure (Table 2 ). Normalized to dry weight of sediment addition, 0.41-6.62 mg DOC L −1 g sed −1 and 0.03-0.93 mg TDN L −1 g sed −1 were produced from irradiated sediment suspensions within 24 h, significantly higher than DOC and TDN productions in the corresponding controls in each experiment (p<0.05). Continuous 24-h irradiations facilitated increases of DOC and TDN in the water by as much as 85 and 75 %, respectively. DOC and TDN were photoproduced in consistent proportion (R 2 =0.938): 0.12 mol of TDN was produced for every 1 mol DOC (i.e., DOC:TDN = 8.5) (Fig. 2) .
To examine the chemical species of nitrogen produced during irradiation, TDN concentration in one of the experiments using Nueces Marsh sediments was subdivided into three fractions: nitrate + nitrite (NO x − ), ammonium (NH 4 + ), and DON (Fig. 3) ) in the dark suspension and 62.2 % of this change was contributed by NH 4 + , probably due to desorption and/or microbial activity.
Photoproduction of CDOM and FDOM
Following 24 h incubations, CDOM abundance in MANERR seagrass bed sediment suspensions were significantly greater in irradiated suspensions than in dark suspensions (p<0.002) (Fig. 4) . As could be predicted, CDOM decreased in the light control (water without sediments under solar irradiation) due to photobleaching (i.e., breakdown of CDOM molecules under solar radiation). The photoproduction of CDOM from irradiated suspended sediments followed a logarithmic pattern (R 2 =0.999). Results from experiments using sediments from the other three sample sites exhibited similar trends (e.g., Online Resource 2). Fluorescence intensities of irradiated suspensions at 24 h were much stronger than those at time zero (Fig. 5) . F max was 12.00 QSE after 24 h of exposure, equivalent to a photoproduced fluorescence of >6 QSE (F max =5.34 QSE initial). For this sample, photoproduced FDOM demonstrated a single fluorescence peak at (260 nm excitation and 446 nm emission), representative of humic-like 
Influences of Sediment OC% on Photodissolution
The extent of photodissolution, in terms of DOC and TDN production, was strongly linked to the organic content of sediment samples (Fig. 6 ). Photoproduced DOC was correlated with the amount of POC added (R 2 =0.89), with a mean of 173±20 mg DOC produced per gram of POC added in sediment suspensions. This result also suggested that on averagẽ 17 % of POC in sediments was photodissolved during irradiation periods. Previous estimates showed that transformation to DOC accounts for about 50-70 % of POC loss in photochemical experiments using estuarine sediments (Mayer et al. 2006; Estapa and Mayer 2010) ; therefore, about 24-34 % of POC might have been lost during our 24-h photodissolution experiments. TDN production was also strongly correlated with the amount of POC added in sediment suspensions (R 2 =0.80) as 23±4 mg TDN was photoreleased per 1 g of POC on average. Sediment samples from seagrass beds (at MANERR and LLM) were typically more organicrich than those from Nueces Marsh and Copano Bay. Thus, sediment suspensions using seagrass bed sediments generally produced more DOC and TDN than the suspensions using sediment samples from Nueces Marsh and Copano Bay. TDN photoproduction seemed to be correlated with the amount of particulate nitrogen in sediment samples (R 2 =0.96) (Online Resource 1), however, nitrogen contents were only measured for four samples and further discussion would be very speculative.
Influences of Water Organic Content and Sediment Desiccation on Photodissolution
Photodissolution of dry-rewetted sediments in artificial seawater produced more DOC and TDN (0.65 mg DOC L −1 g sed −1 and 0.126 mg TDN L −1 g sed −1 ) than wet sediments in artificial seawater under solar irradiation 
DOM Production via Photochemical Process vs. Biotic Activity
Two possible explanations for why solar irradiation produces DOM from sediment suspensions are as follows: (1) solar irradiance induces direct POM photochemical reactions via absorption of photons by sediment particles or indirect photochemical reactions via reactive radical production; and (2) solar irradiation stimulates biotic activity on sediment surfaces, including bacterial breakdown of POM and photosynthesis by benthic phytoplankton and/or algae. To test which pathway was more important in photodissolution of sedimentary POM from our study sites, a comparison was made However, it must be noted that DOC and TDN concentrations at 0 h were substantially different in the raw versus autoclaved suspensions because autoclaving resulted in an initial preexposure release of DOM (initial DOC and TDN concentrations in autoclaved suspensions were 23 and 8 % higher than in raw sediment suspensions, respectively). It can be speculated that autoclaving could have altered the chemical characteristics of sediments used in suspensions, including their potential for photochemical reactivity. Nonetheless, direct and/or indirect POM photochemical degradation appears to be a major process in the production of DOM under irradiation.
Discussion
Photoproduction of DOC and TDN in South Texas Estuaries
Since South Texas estuaries are characterized by long water residence times, frequent heavy sediment resuspension loads , respectively (Fig. 6 ), comparable to POM photodissolution observed across a range of aquatic systems (e.g., Kieber et al. 2006; Riggsbee et al. 2008; Shank et al. 2011) . Assuming 24 h of artificial irradiation in the solar simulator is equivalent to 4 days of natural sunlight at subtropical latitudes (Shank et al. 2011) , and that the average %OC in study area is~1, it can be estimated that 0.1-0.2 mg DOC L −1 and 0.01-0.03 mg TDN L −1 may be potentially added to estuarine waters daily when the sediment load is 200-500 mg L −1 and sunlight is ample.
To further extrapolate this experimental data to the natural bay waters of the Mission-Aransas, Nueces, and Laguna Madre estuarine systems which span~500,000 acres, we assumed that only the upper 0.125 m is subject to solar irradiation levels sufficient for photodissolution when sediment loads reach 200-500 mg L There are caveats with the calculations above including that photoproduction may be overestimated as sediment particles settle to the bottom or below the active photochemical zone when winds are relatively calm. Also, photoproduction of DOM appears to reach saturation after several days of exposure to sunlight. However, DOM photoproduction could also be underestimated if light can affect POM deeper than 0.125 m and/or when previously unexposed sedimentary POM is mixed into the upper 0.125 m. Further, if sediments are on average more organic-rich than 1 % OC, this could result in a higherthan-estimated photoproduction since, as shown in the present study, DOM photoproduction is strongly linked to sediment organic content. Moreover, alternating lightdark schemes as occur in natural environments may lead to different photodissolution results compared to those under continuous irradiation . Future studies should consider the solar irradiance scheme in the photochemically active zone, mixing patterns of POM in water column, quantity and quality of sediment loads, and the kinetics of photochemical reactions. Nevertheless, we have demonstrated that photodissolution could be an important and previously unrecognized source of carbon and nitrogen to Texas estuarine waters, supporting previous studies across a range of aquatic environments in which photodissolution was identified as an important source of DOC and TDN (e.g., Kieber et al. 2006; Riggsbee et al. 2008; Southwell et al. 2010; Pisani et al. 2011; Shank et al. 2011) (Table 1) .
Examining the speciation of photoproduced TDN, DON accounted for 70-100 %, with ammonium accounting for the remainder. This result is similar to the work of Southwell et al. (2010) who concluded that the majority (87 %) of photoreleased nitrogen was DON (remainder was ammonium), and Riggsbee et al. (2008) who reported 99 % of the TDN enrichment was DON regardless of the water type in irradiated suspensions. In our study, DOC and TDN were produced in proportion in photodissolution, consistent with the work of Mayer et al. (2012) on photodissolution of soil organic matter. Approximately 0.12 mol of N as TDN was photoproduced for every 1 mol C as DOC (DOC:TDN=8.5) (Fig. 2) , with the DOC:DON ratio ranging from 8.5 to 12.3. The C/N ratio of in situ DOM is 18 on average at our study sites (unpublished data), compared with 25-35 for sediment samples used in this study. The C/N ratio of organic matter in coastal sediments or soil is largely a function of the origin and diagenetic state of the organic material, and usually decreases during microbial decomposition of plant litters as nitrogenrich microbial residues are likely left in sediments/soil complexes (Burdige 2006; Sierra and Motisi 2012) . Therefore, the C/N ratio of DOM also tends to decrease during POM humification, especially for sediments and soil with a high C/N ratio (Skjemstad et al. 1986; Kalbitz et al. 2000) . In the present study, a comparison of C/N ratios shows that photoproduced DOM is more nitrogen-rich than both ambient DOM and sedimentary POM. Photodissolution seems to release nitrogen-rich DOM faster than nitrogen-poor DOM, similar to what occurs in microbial degradation processes as discussed above. The simplest possible explanation is that photodissolution liberates nitrogen-rich molecules that were previously sorbed to (or bound to) nitrogen-poor DOM such as humics. Maie et al. (2008) documented the coprecipitation of DON with tannins in mangrove systems and consequently, the release of protein from tannin-protein complex under irradiation. Another possible mechanism, as suggested by Foereid et al. (2010) , could be that nitrogen-rich molecules are released as cell walls of plant detritus are broken down by irradiation. More work is needed to clearly understand C-N dynamics during photodissolution and the associated mechanisms.
Bioavailability of Photodissolution Products
Based on our EEMs analysis of photodissolution samples (see Fig. 5 ), FDOM produced during photodissolution was dominantly humic-like materials. The same analysis was repeated three times for Nueces Marsh sediment suspensions and very consistent results were obtained each time (see example in Online Resource 3). Previous photodissolution experiments using coastal Florida sediments also concluded that terrestrial humic-like FDOM was the main component of photoproduced FDOM (Pisani et al. 2011; Shank et al. 2011 ). In addition, Mayer et al. (2009b) analyzed photoproducts from irradiated phytoplankton detritus and similarly reported that photoproduced FDOM exhibited humic-like fluorescence. Thus, photodissolution appears to primarily produce humic-like moieties among the FDOM pool, regardless of the origin of the substrates. A recent study (Helms et al. 2014) using biomarker indices ) as a diagenetic proxy suggested that more humified POM tend to release more DOC when exposed to solar radiation. That study also indicated that humic moieties on POM are likely primary centers of photochemical reactions during photodissolution, not only for the photoproduction of FDOM, but also for the photoproduction of bulk DOM. There is considerably more available information on DOM photoreactivity than POM photoreactivity in coastal systems, but most demonstrate similar results to photodissolution studies with humic-like organic substrates showing higher photoreactivity than algal-derived organic substrates (reviewed by Zepp 2003; Obernosterer and Benner 2004) . Mayer et al. (2011) studied the bioavailability of photodissolved organic matter (PDOM) and concluded that about 50 % of PDOM derived from algal detritus and 16-29 % of PDOM produced from sediments was available to microbes over two weeks of dark incubation. Thus, even if half to more than half of PDOM is relatively biologically refractory material, photodissolution does modify organic matter to be more bioavailable than it was before exposure. Further, PDOM is likely to be continually exposed to irradiation and is thus susceptible to further photodegradation. Solar radiation can convert bio-refractory DOM to labile DOM molecules such as aldehydes and small organic acids, as well as potentially augment ammonium levels (Moran and Zepp 1997; Bronk et al. 2007 ). We did not chemically identify the classes of moieties produced during photodissolution, but it is reasonable to predict that for a system with water residence times of several months and ample solar irradiance, the ultimate fate of PDOM is likely conversion to more labile moieties and ultimately respiration by microbes. Thus, DOM produced via photodissolution is very likely an important internal source of bioavailable carbon and nitrogen with the potential to substantially augment both heterotrophic microbes and primary producers in Texas estuaries.
Influences of Water Organic Content and Sediment Desiccation on Photodissolution
When the same wet sediments were added to water samples from different coastal environments, very similar amounts of DOC were photoproduced (for example, see last two experiments using Nueces Marsh sediments shown in Table 2 , Fig. 7a ). Thus, water organic content did not have significant influences on POM photodissolution from wet sediments (p>0.05). These results agreed with a previous study (Mayer et al. 2006) in which photodissolution reactions using Mississippi River water versus distilled water were compared and little difference in POC loss were observed. Mayer et al. (2012) also found little difference in DOC productions between two treatments using CaCl 2 solution versus deionized water and concluded that solution composition was not important to photodissolution.
In our study, however, dry-rewetted sediments suspended in organic-poor water (artificial seawater) produced significantly more DOC and TDN than wet sediments in the same water under solar irradiation (Fig. 7, left panel) . The implication for this result is that the dry-wet cycle may be a major controller of photodissolution for areas strongly influenced by water level changes such as coastal salt marshes and tidal creeks. Yet based on our EEMs analyses, both wet and dryrewetted sediments release humic-like FDOM during photodissolution (Online Resource 4). Humic substances are complex photoreactive molecules that can comprise a major portion of the DOM pool in coastal waters (Repeta et al. 2002) , and also commonly form an organic coating on sediments via sorption, especially in low-carbon waters (Murphy et al. 1990 ). Since humic substances are typically hydrophobic (Martin-Mousset et al. 1997; Latch and McNeill 2006) , this coating is likely to enhance the hydrophobicity of sediment particles (Davis and Gloor 1981; Morse 1986 ). Further, drying can greatly change the 3-D structure of sediment grain matrices and augment sediment hydrophobicity Lee 2006, 2007) .
Based on our experimental results, we propose the following mechanism for the photodissolution of desiccated sediments: desiccation allows hydrophobic functional groups on sediment surfaces to be exposed at the surface of sediment grains, with a substantial portion of these exposed hydrophobic functional groups being humic moieties that are cleaved during irradiation. This alteration enhances the vulnerability of POM to photochemical degradation, enabling dry-rewetted sediments to produce more DOM (measured as DOC and TDN) under solar irradiation. An alternative explanation, as mentioned in a previous study on photodissolution of soil organic matter , is that desiccation may change the aggregation state of particles and therefore allow enlarged surface areas in contact with light after sediment rewetting. However, the latter theory does not explain what occurred when organic-rich water samples were used, as discussed below.
Dry-rewetted sediments produced more DOC and TDN in organic-poor water, but the opposite was observed in organicrich water. As discussed earlier, when POM was altered by desiccation, its susceptibility to degradation via solar irradiation was likely augmented and therefore the extent of photodissolution was enhanced in organic-poor water. Conversely, as sediment desiccation may facilitate the exposure of hydrophobic functional groups at the surface of sediment grains, DOM from ambient organic-rich water can sorb to suspended particles. Sorbed DOM molecules may then serve as a "protecting coat" for other functional groups that might have been vulnerable to photodissolution, because the sorbed DOM could act as "photoshields" by attenuating light, and/or inhibit indirect photochemical reactions on POM, causing dry-rewetted sediments to produce less DOC and TDN than wet sediments in organic-rich water. The "aggregation effect" proposed by Mayer et al. (2012) alone cannot explain why sediment desiccation weakened photodissolution in organic-rich water without considering the interactions between POM and DOM in suspensions. While we recognize the highly complex nature of organic matter sorption and photochemical mechanisms, it does appear that the combined influence of water organic content and desiccation can have an important effect on photodissolution. Further studies are needed to test the validity of our proposed mechanisms and their applicability to other systems.
DOM Production via Photochemical Process vs. Biotic Activity
Significant releases of DOC and TDN were observed in sterilized sediment suspensions with autoclaved sediments and 0.2 μm filtered water under solar irradiation. Since autoclaving killed any living organism in the sediments and eliminated the active contribution from microbes or algae, radiation-stimulated POM photochemical degradation (as opposed to microbial-mediated degradation or stimulation of benthic primary production) must have played a crucial role in DOC and TDN photoproduction. However, autoclaving does alter the 3-D structure of POM in sediment samples (Tuominen et al. 1994 ) by facilitating desorption and reducing surface areas of sediment particles (Anderson and Magdoff 2005) . This was observed in our study as DOC and TDN abundances at time zero were substantially higher in autoclaved sediment suspensions than raw sediment suspensions. Therefore, the difference between raw and autoclaved sediment photodissolution should not be used for directly quantifying the contributions from biotic activities in our study. However, our results do generally agree with a previous study (Southwell et al. 2010 ) which concluded that increases in dissolved nutrients during photodissolution were the result of predominantly photochemical processes rather than biotic activity. Additionally, microbial metabolic activities are often inhibited under high solar irradiance such as that in a solar simulator, possibly due to the action of oxidants (e.g., hydroxyl radicals) produced in UV-driven photochemical reactions on humic substances (Lund and Hongve 1994; Mayer et al. 2009a; Xie and Zafiriou 2009) . These lines of evidence largely support the notion that direct and/or indirect photochemical reactions of POM are at least a strong supplement to biologically mediated DOM production such as microbial-mediated degradation and/or benthic primary production, and may play a major role in photodissolution.
Conclusions
By examining the magnitude of photodissolution in south Texas estuaries and investigating the influence of relevant environmental factors on the production of DOC and TDN via photodissolution, we were able to better understand the significance of DOM photoproduction from POM in these systems, as well as the nature of potential photodissolution mechanisms. Photodissolution appears to be an important and previously unrecognized source of carbon and nitrogen to Texas estuarine waters with the potential to augment DOC and TDN loads by as much as 85 and 75 %, respectively, with the majority of photoproduced TDN as DON. Direct and/or indirect photochemical degradation of POM appears to be the primary mechanism in photodissolution, or at least a very strong supplement to microbial-mediated degradation or stimulation of primary production by benthic phytoplankton or algae. We also demonstrated that sediment dry-wet cycling and the combined influence of water organic content and sediment d e s i c c a t i o n m a y e x e r t a m a j o r i n f l u e n c e o n photodissolution. Further, our results highlighted the complexity of photodissolution mechanisms by demonstrating the coupling of POM-DOM interactions. Therefore, future investigations of photodissolution should consider the geochemical and hydrological conditions that influence the sedimentary system of study. More broadly, our results show that photodissolution should be included in all biogeochemical and ecological studies that attempt to constrain carbon and nitrogen budgets for aquatic systems that are relatively shallow, have high sediment loads, and experience strong solar irradiance.
